Abstract
Introduction
Although estimates differ on the relative yields of production of singlet and triplet excited states by charge recombination in the electroluminescence of w x conjugated organic polymers 1-4 , it is generally accepted that triplet state formation is one of the major causes of efficiency loss in these systems w x when they are used in light emitting devices 5 . Triplet states are also important for potential applica-w x tions of conjugated polymers as lasers 6 , and knowledge of the energy of the lowest triplet state is a prerequisite for the design of high efficiency light emitting devices based on triplet energy capture and w x transfer 7 . However, although information on triplet states in these systems has been obtained by a variety of techniques, including optically detected magw x netic resonance 8,9 , photoinduced absorption w x w x 10,11 and photomodulation spectroscopy 12 , only in the case of the ladder-type methyl-substituted Ž . Ž . poly p-phenylene , MeLPPP w x w x 14 , has been questioned 13 , and the existence of Ž . phosphorescence from poly thiophenes , or other polymers, awaits confirmation.
Triplet-triplet energy transfer following pulse ra-Ž . diolysis of solutes S in aromatic solvents, such as Ž . benzene Bz , in the presence of appropriate energy Ž . acceptors A is an excellent technique for selective w x creation and study of excited triplet states 15,16 . The general reactions scheme is
We have previously shown that this technique can be applied to study the triplet states of conjugated w x organic polymers in solution 6,17 . In addition to its use in obtaining spectral and kinetic information, it is Ž . possible, by varying the triplet energy of A, to determine the S -T separation in the conjugated 0 1 polymer. We have used this method to estimate the triplet energies of a wide range of some of the most commonly used conjugated organic polymer w x 6,17,18 . Triplet-triplet energy transfer following photoexcitation has also been used to determine the Ž . w x triplet energy of a poly aryleneethynylene 19 .
Triplet-triplet energy transfer is subject to both w x w x energetic 20,21 and kinetic 22 restraints, and it is important to compare results on triplet energies obtained using this technique with absolute data from phosphorescence measurements to confirm the validity of the method. We have, therefore, applied the method to MeLPPP, whose S -T energy separation 0 1 has previously been determined to be 2.05 eV by phosphorescence from thin films of the polymer at w x 77 K 13 .
Experimental details
The synthesis and purification of MeLPPP have w x previously been reported 23,24 . The polymer had a . UK using, typically 50 ns, ca. 7.5 Gray pulses from a 10 MeV electron linear accelerator. Transient absorption difference spectra were obtained using a Xenon source and gated diode array or photomultiplier for detection. General details have been rew x ported elsewhere 17,25 .
Results and discussion
Following pulse radiolysis of argon saturated so- 
D
Although the plot of singlet oxygen phosphorescence intensity as a function of laser power was not linear, and tends to plateau at high laser intensities, it was possible to estimate from the initial slope a singlet oxygen yield 0.085 " 0.018 for singlet oxygen production sensitised by MeLPPP in benzene solution. The reason for the non-linearity of the phosphorescence as a function of excitation dose is not completely clear, but is probably associated with other triplet deactivation pathways, such as triplettriplet annihilation, occurring at high intra-chain triplet densities. This will be discussed later. As with w x PPV based polymers 17,28 , singlet oxygen reactions are likely to be important in the degradation of ladder type p-phenylene polymers in non-encapsulated devices. This value of the singlet oxygen yield also gives a lower limit for the S -T intersystem 1 1 crossing in photoexcited MeLPPP in benzene solutions. The fact that molecular oxygen quenches the MeLPPP triplet state, produced by energy transfer from biphenyl, indicates that it has an energy be-Ž 1 w x. tween singlet oxygen D , 0.94 eV 26 and triplet g Ž w x. biphenyl 2.84 eV 26 . To determine the energy more accurately, a variety of sensitisers were used to transfer the energy to MeLPPP on pulse radiolysis of argon saturated benzene solutions. It was found that Ž . while fluorenone 2.19 eV and sensitisers with Ž . higher triplet energies transfer triplet energy efficiently, only very low yields of the MeLPPP triplet state could be produced by pyrene sensitisation, while compounds with lower energy triplet states did not transfer energy to the polymer. We can, thus, estimate the triplet energy of MeLPPP in benzene solution as 2.15 " 0.07 eV. The value reported from phosphorescence measurements for MeLPPP in thin ( )w x films at 77 K is 2.05 eV 13 . Considering that differences of around 100 meV exist between singlet w x energies of these polymers in solution and films 6 , the agreement between the two techniques is excellent, and confirms the validity of the pulse radiolysis-energy transfer technique for determining triplet energies of conjugated organic polymers.
Under the conditions used in our pulse radiolysis experiments, it is likely that there is more than one triplet state per polymer chain. We have previously w x Ž . shown 32 that delayed fluorescence DF , resulting Ž . from triplet-triplet T-T annihilation, can be observed in such systems. DF via T-T annihilation has previously been inferred from observations following photoexcitation of films or frozen solutions of Ž . Ž poly p-phenylenevinylene or poly p-phenylen-
. w x ethynylene 33 . However, time resolved measurements clearly show that for direct optical excitation, w x DF arises from charge state recombination 13 .
Following pulse radiolysis of argon saturated so-Ž . Ž . lutions of MeLPPP 10 mgrl and biphenyl 0.01 M in benzene, an emission in the 2.8-2.2 eV region was seen to grow-in within 10 ms and to decay over ca. 150 ms. The time dependent DF spectrum, corrected for the response of the detection system, is shown in Fig. 2 , and is in excellent agreement with the reported prompt fluorescence spectra of MeLPPP w x 1,13,34 . Delayed fluorescence from charge carrier recombination has previously been observed with w x films of these ladder polymers 1,34 , and also show a second broad feature in the 2.25-2.1 eV region assigned to an excimer-like emission. This broad emission was absent in our measurements. This is reasonable, since at the concentrations used in the Ž y7 pulse radiolysis experiments f 2 = 10 M poly-. mer we are dealing, effectively, with isolated polyw x mer chains 32 , whereas in the films there are greater possibilities for inter-chain interactions. We ( )looked unsuccessfully for phosphorescence following pulse radiolysis of solutions at room temperature, see the spectral region below 2.2 eV in Fig. 1 . Again, this negative result is not surprising, as even at low temperature the phosphorescence yield is low, and decreases even more upon increasing temperaw x ture 13 . If there is any phosphorescence in these systems, it is below the limits of our detection system.
The time dependence of the DF was monitored as a function of the radiation dose, and follow similar behaviour to the other conjugated polymers we have w x studied 32 . In particular, the rate of DF decay increases with dose, as expected for bimolecular T-T. For example, the lifetime decreases from ca 42 ms to 13 ms on increasing the dose from ca 15 to 27 Grays As already stated, in addition to T-T annihilation, an alternative mechanism for DF, involving charge recombination of geminate charge pairs, has been suggested for the emission observed on photoexcitaw x tion of films of MeLPPP 1,34 . While it is generally difficult to differentiate between the triplet-triplet annihilation and charge recombination mechanisms w x for DF 1 , we believe our kinetic data is more consistent with the T-T annihilation mechanism. Pulse radiolysis experiments in chloroform and tetrahydrofuran show that the positive and negative charge carriers derived from MeLPPP have an absorption Ž . band at 650 nm 1.9 eV with a weaker feature at Ž . w x 590 nm 2.1 eV 35 . The spectrum observed on pulse radiolysis of solutions of MeLPPP in benzene Ž . in the presence of biphenyl Fig. 1 does show weak absorption at 1.9 eV, however the decay of this feature parallels that of the main triplet absorption at 1.34 eV suggesting that it too is associated with the T-T absorption. The T-T mechanism is likely to be favoured in our system by the high density of triplet states on the isolated polymer chains, and the fact that there are effectively no inter-chain interactions. w x If we assume that triplets move by hopping 32 , and that the MeLPPP is a rigid rod, from the observed delayed fluorescence decay we can estimate an order of magnitude for the triplet hopping rate of 10 5 -10 6 nm s y1 . More detailed studies are in progress to quantify the kinetics of intra-chain triplet hopping and T-T annihilation on isolated chains of conjugated polymers 
